The updated nucleotide sequence of the 6,570-bp fragment containing the inuC and inuD genes will appear in the DDBJ W EMBL W GenBank nucleotide sequence databases with the accession number AB041337.
Inulin is a polyfructan, consisting of linear chains of b-2,1-linked D-fructofuranose molecules attached to sucrose at the reducing end. 1) This polymer is a reserve carbohydrate in the roots and tubers of plants such as Jerusalem artichoke, chicory, and dahlia. Such inulin sources have recently received attention as a potential feedstock for the production of fructose syrup, 2) inulo-oligosaccharides, 3) or fuel ethanol. 4, 5) Endoinulinases (2,1-b-D-fructan fructanohydrolase; EC 3.2.1.7) are speciˆc for inulin and hydrolyze the internal b-2,1-fructofuranosidic linkages to yield inulotriose, -tetraose, and -pentaose as the main products. In contrast, exoinulinases ( b-D-fructan fructohydrolase; EC 3.2.1.80) split oŠ terminal fructose units successively from the nonreducing end of the inulin molecule, but also hydrolyze sucrose and ra‹nose. To characterize exoinulinases, inulinase activity (I) is commonly compared with the invertase activity (S) of the same enzyme preparation; I W S ratio is a useful criterion that may re‰ect the diŠerences in a‹nity of each enzyme for inulin and sucrose. The ratios in the range of 0.02 to 2.0 have been reported for exoinulinases fromˆlamentous fungi and yeasts. 6) Laloux et al. 7) cloned and sequenced an exoinulinase gene, INU1, from the yeast Kluyveromyces marxianus var. marxianus. To date, however, there are no published reports of the molecular cloning of exoinulinase genes fromˆlamentous fungi. Recently, we isolated aˆlamentous fungus, Penicillium sp. strain , that produced high levels of extracellular inulinases, and puriˆed an endoinulinase. 8) The gene, inuC, encoding the endoinulinase was cloned, sequenced, and expressed in the yeast Saccharomyces cerevisiae. 9) In this study, we puriˆed a novel extracellular exoinulinase from the same fungal strain, TN-88, that had an extremely high speciˆc activity with an I W S ratio of 7.9. The objective of the present study was to obtain information with regard to the evolution of exo-and endoinulinases within the same microorganism. This article describes the organization and nucleotide sequence of the TN-88 exoinulinase gene (inuD). We also give evidence suggesting that the endo-and exoinulinase genes, inuC and inuD, were clustered on the TN-88 genome and divergently transcribed from a common intergenic region.
Materials and Methods
Fungal strain and culture conditions. Penicillium sp. strain TN-88 8) was grown in 500-ml Erlenmeyer ‰asks on an orbital shaker (140 rpm) at 309 C for the time speciˆed in the text. Each ‰ask contained 120 ml of the basal medium C (initial pH 5.5) that included the following (per liter): 15 g of dahlia inulin (Sigma Chemical Co., St. Louis, MO, USA); 20 g of yeast extract; 5 g of NH 4 Cl; 0.5 g of KCl; 0.5 g of MgSO 4 ・ 7H2O; and 10 mg of FeSO4 ・7H 2 O.
Enzyme and protein assays. Inulinase and invertase activities were assayed by measurement of reducing sugars released from inulin and sucrose, respectively, as described previously.
10) The reaction mixture consisting of 0.5 ml of 0.5z (w W v) inulin or sucrose dissolved in deionized water and 0.5 ml of a suitably diluted enzyme solution in 0.1 M acetate buŠer (pH 5.0) was incubated at 409 C for 30 min. Reducing sugars were measured by the dinitrosalicylic acid method.
11) One unit of inulinase activity was deˆned as the amount of enzyme that liberated 1.0 mmol of fructose equivalents from inulin per minute. One unit of invertase activity was deˆned as the amount of enzyme that hydrolyzed 1.0 mmol of sucrose per minute. The puriˆed enzyme (0.16 U W ml) was assayed for hydrolytic activity toward ra‹nose (Wako Pure Chemical Industries, Osaka) and bacterial levan ( b-2,6-linked fructan) from Erwinia herbicola (Sigma), under the standard assay conditions described above. Protein was measured by the method of Lowry et al. 12) with bovine serum albumin (Sigma) as the standard.
Enzyme puriˆcation. Cultures grown for 5 days were clariˆed byˆltration. A total volume of 4,450 ml of theˆltrate was concentrated to 90 ml with dry polyethylene glycol (mean molecular weight, 20,000) and ultraˆltration as described previously. 10) The concentrated enzyme solution was loaded onto a DEAE-Celluloˆne A-500 (Seikagaku Kogyo, Tokyo) column (2.6×45 cm) equilibrated with 0.02 M acetate buŠer (pH 6.0). The adsorbed enzyme was eluted at a ‰ow rate of 1.0 ml W min with 0.1 M NaCl in the same buŠer. Fractions with both the inulinase and invertase activities were pooled, dialyzed against distilled water, and concentrated under reduced pressure with a collodion bag. A portion of the enzyme solution was loaded onto a Q-Sepharose HP (Amersham Biosciences Corp., Piscataway, NJ, USA) column (2.0×30 cm). Inulinase activities appeared in two peaks, P-I and P-II. The second protein eluted with activity only toward inulin, appearing in the major peak P-II, had previously been puriˆed and characterized as an endoinulinase. 8) Fractions of theˆrst small peak, P-I, with activities toward both inulin and sucrose were pooled, and concentrated as described above. The enzyme solution was loaded onto a Superdex 200 pg (Amersham Biosciences) column (2.6×70 cm). Inulinase was eluted as a single protein peak that coincided with the peaks of inulinase and invertase activities.
SDS-PAGE, IEF, and amino acid sequencing. SDS-PAGE was done by the method of Laemmli. 13) Analytical isoelectric focusing (IEF) was done with a Multiphor II electrophoresis system (Amersham Biosciences) using an Ampholine PAGplate (pH 3.5 to 9.5) according to the manufacturer's instructions. Broad-range marker proteins (Amersham Biosciences) were used to measure the isoelectric point (pI ). The puriˆed enzyme was treated with lysyl endopeptidase (Lys-C) or V8 protease, and the N-terminal amino acid sequences of the intact protein and the resulting peptide fragments were analyzed with an Applied Biosystems model 476A gas-phase protein sequencer as described previously.
14)
EŠects of pH and temperature on enzyme activity and stability. The optimal pH for inulinase activity was determined by performing assays at 409 C with the following buŠer systems: 0.1 M acetate (pH 3.5 to 6.0), 0.1 M phosphate (pH 6.5 to 7.5), and 0.1 M borate (pH 8.0 to 10.0). The inulinase activity was assayed in a reaction mixture containing 0.5 ml of buŠer of the desired pH, 0.25 ml of 1z (w W v) inulin solution, and 0.25 ml of enzyme solution. Enzyme stability at diŠerent pH values was measured by the residual activity after the enzyme was incubated at 309 C for 24 h at pH 4.0 to 9.0. The optimal temperature for inulinase activity was found under the standard assay conditions except that the reaction mixture was incubated at temperatures from 10 to 709 C. Thermal stability was measured in terms of the residual activity after the enzyme was incubated in 0.1 M acetate buŠer (pH 5.0) at temperatures from 20 to 809 C for 30 min.
EŠects of inhibitors and metal ions on enzyme activity. The eŠects of various potential enzyme inhibitors and metal ions at a concentration of 1.0 mM on the inulinase activity were examined by incubation of the enzyme with each inhibitor or metal ion in 0.1 M acetate buŠer (pH 5.0) at 309 C for 1 h as described previously. 10) TLC. TLC of the products of inulin hydrolysis was done on silica gel plates (Merck AG, Darmstadt, Germany) as described elsewhere.
10) The TLC plates were developed three times at room temperature with a solvent system of chloroform, acetic acid, and water (3:10:1, v W v W v). Sugars were detected by diphenylamine reagent.
DNA manipulations and sequence analyses.
Genomic DNA of strain TN-88 was extracted and puriˆed from 72-h-grown mycelia as described before. 9) Plasmid pUC18 was used for the construction of a TN-88 genomic library and subcloning in E. coli JM109. 15) Restriction endonucleases and DNAmodifying enzymes were used as recommended by the supplier (Roche Diagnostics GmbH, Mannheim, Germany). Standard molecular cloning techniques were done as described by Sambrook et al. 16) PCRs were done in a thermal cycler (GeneAmp PCR system 2400; PE Applied Biosystems Inc., Foster City, CA, USA) as described previously. 14) Plasmid pCRII was used for TA cloning of ampliˆed DNA fragments in E. coli INVaF? (Invitrogen Corp., Carlsbad, CA, USA). The nucleotide sequences of both strands were analyzed with an Applied Biosystems model 310 automated DNA sequencer. Computer analysis of DNA sequence data was done as described previously. 14) Construction of an exoinulinase-speciˆc DNA probe. A pair of degenerate 24-mer oligonucleotides was designed and synthesized according to the Nterminal and internal amino acid sequences of the puriˆed enzyme (see Results): primer 1 (forward) (5?-AAR GAR TCW TAY ACM GAR CTK TAY-3? encoding the KESYTELY in the N-terminus) and primer 2 (reverse) (5?-KGC WGG YGT RTT RGC RAA WGA RAT-3? complementary to the nucleotide sequence coding for ISFANTPA in a V8 peptide). The PCR was done with two primers and the genomic DNA as a template. The PCR-ampliˆed fragment was separated by gel electrophoresis and puriˆed with the Wizard PCR Preps DNA Puriˆca-tion System (Promega Corp., Madison, WI, USA). The gel-puriˆed PCR product was cloned into pCRII and sequenced to conˆrm its identity. The puriˆed PCR product was also labeled with digoxigenin (DIG) by the random primer method with a DIG DNA labeling and detection kit (Roche) for use as a hybridization probe.
Cloning of an exoinulinase cDNA. First strand cDNA was synthesized from mRNA prepared from mycelia grown in inulin-containing medium as described previously.
9) The following is a pair of primers we designed to amplify the open reading frame (ORF) of an exoinulinase cDNA from theˆrst strand cDNA template (letters in bold type indicate the coding sequence): primer 3 (forward) (5?-CGG AAT TCC GAA CAT GAA ATC GAT CAG CAT GCT G-3?) and primer 4 (reverse) (5?-GCT CTA GA G CCT ATA CCC ATG TAC TGC GTA CTT T-3?) (see nucleotide sequence in Fig. 4) . The primers contained additional sequences at their 5? ends to generate EcoRI and XbaI sites (underlined in the sequences above) in the ampliˆed fragment at the 5? and 3? ends, respectively. The PCR product was digested with EcoRI and XbaI, cloned into the EcoRI-XbaI sites of pUC18, and sequenced as described above.
Identiˆcation of 5? and 3? ends of exoinulinase mRNA. The 5? and 3? ends of exoinulinase mRNA were determined by 5? and 3? rapid ampliˆcation of cDNA ends (RACE) using SMART RACE cDNA ampliˆcation kit (Clontech, Palo Alto, CA, USA) as described before. 17) For 5? RACE, primer 5 (forward) (UPM provided in the kit) and primer 6 (reverse) (5?-AGA AAC TGG TCC TGG TAT GGA GCT-3? complementary to nucleotides (nt) 608 to 631 relative to the start codon of the inuD gene [see Fig. 4 ]) were used in theˆrst-round PCR. The ampliˆed fragment served as the template for the second-round PCR in which primer 7 (forward) (NUP provided in the kit) and primer 8 (reverse) (5?-ACA TAT GGT AGG TCC CAT CAG CAT-3? complementary to nt 161 to 184) were used. For 3? RACE, primer 9 (forward) (5?-ATA ACA ACG CCA ACT GGC TGG ACT-3? corresponding to nt 1450 to 1473) and primer 5 (reverse) (see above) were used in theˆrst-round PCR. The ampliˆed fragment served as the template for the second-round PCR in which primer 10 (forward) (5?-TTG TGG ATT GGT CAA GTG TGG AGG-3? corresponding to nt 1999 to 2022) and primer 7 (reverse) (see above) were used. The 5? and 3? RACE products were cloned into pCRII and sequenced.
Results
Puriˆcation of inulinase P-I and its partial amino acid sequences Table 1 summarizes the procedure for the puriˆca-tion of extracellular inulinase P-I. This protocol aŠorded 329-fold puriˆcation of the enzyme from the cultureˆltrate with a yield of 4.4z. The puriˆed enzyme had speciˆc activities of 743 U W mg toward inulin and 93.8 U W mg toward sucrose (I W S ratio, 7.9). SDS-PAGE of the puriˆed enzyme produced a single Coomassie-stained protein band with a Mr of 81 kDa (Fig. 1) . The pI was estimated to be 4.6 on the IEF gel. The N-terminal amino acid sequencing identiˆed theˆrst 30 residues: KESYTELYRP QYHFTPA-QNW MNDPNGLLYA (see corresponding amino acid residues 26 to 55 in Fig. 4) . Internal amino acid sequences were analyzed for a Lys-C peptide (45 kDa) and a V8 peptide (29 kDa): SKVKXVAIVG INPGGPPGTV (X, unidentiˆed residue) (residues 262 to 281) and ISFANTPATN NNAN (residues 456 to 469), respectively.
Enzymatic properties of inulinase P-I Inulinase P-I had maximum activity at pH 4.0. Inulinase activity was stable between pH 5.0 and 7.0. The optimal temperature for inulinase activity was The inulinase P-I hydrolyzed ra‹nose by the relative activity of 18z of the activity toward inulin. There was no detectable activity toward bacterial levan. The reaction mixture containing 5 ml of 4.0z (w W v) inulin in deionized water and 5 ml of the enzyme (0.13 U W ml) in 0.1 M acetate buŠer (pH 5.0) was incubated at 409 C. The enzyme hydrolyzed inulin completely in 48 h (data not shown). Portions (2 ml) of the reaction mixture were periodically withdrawn and analyzed for the hydrolysis products by TLC. Fructose was the only product detected in the early stage of the reaction (Fig. 2) . These results suggest that the inulinase P-I is an exo-acting enzyme that liberates fructose successively from the nonreducing end of the inulin molecule.
The a‹nity of the puriˆed enzyme for inulin (mean molecular weight, 6,100) was examined at pH 5.0 and 409 C with a Lineweaver-Burk plot as previously described.
10) The inulinase P-I had an apparent K m of 92.6 mM.
Cloning of an exoinulinase gene
The PCR with primers 1 and 2 ampliˆed a 1,375-bp fragment from TN-88 genomic DNA. Southern blots of genomic DNA digested with various restriction enzymes were probed with the DIGlabeled 1,370-bp fragment. A single hybridizing band was observed for digestion with EcoRI (9.8 kbp), SphI (6.7 kbp), XbaI (4.6 kbp), or SacI (8.5 kbp) (Fig. 3) . These results indicate that the potential exoinulinase gene, designated inuD, existed as a single copy in the TN-88 genome. A hybridizing 4.6-kbp XbaI DNA fragment was cloned into pUC18 to generate a plasmid, pINU502, by the procedure described previously.
14) The 2.9-kbp XbaI-SacI fragment from pINU502 was subcloned into pUC18 to generate pINU503.
The 2.9-kbp XbaI-SacI fragment contained only 123-bp 5?-noncoding region of the inuD gene (see below). To isolate and analyze the further upstream region, genomic DNA was digested with BamHI and Southern blots were probed with the same 1,375-bp fragment. A 2.8-kbp BamHI fragment giving a hybridizing signal (data not shown) was expected to contain the 5? portion of the inuD ORF and the upstream region, and was cloned into the BamHI site of pUC18 to yield pINU508.
Nucleotide sequences of the inuD gene and its cDNAs
Plasmid pINU503 was used to obtain the nucleotide sequence of the 2.9-kbp XbaI-SacI insert containing the inuD gene. The nucleotide and deduced amino acid sequences of the inuD gene are shown in Fig. 4 . The 2,875-bp fragment contained a complete inuD coding region of 2,106 bp and its ‰anking regions. Theˆrst in-frame ATG downstream of the transcription start points (tsp, see below) was the deduced start codon, which had a consensus A residue at the "3 position. 18) Comparison of the inuD genomic and cDNA sequences showed a single intron of 56 bp in the coding region. The 5? and 3? intron splice sites matched the consensus sequences GTRNGY and YAG, respectively. 19) A nucleotide sequence CCTAAC located 17-bp upstream of the 3? splice site resembled an intron internal consensus sequence, RCTRAC, needed for lariat formation. 18) The molar G+C content in the inuD coding region was 48.9z, lower than the 50.9z for the endoinulinase gene inuC.
9) The percentages of A, T, G, and C at the third position of each codon were 17.8, 31.1, 21.5, and 29.6z, respectively. Thus, there was a weak preference for codons ending in pyrimidines.
Sequence analysis of the 13 independent cDNA clones of 5? RACE products found four tsp at nt "98 (two clones), "91 (eight clones), "80 (two clones), and "76 (one clone) from the start codon. Of the eight diŠerent cDNA clones of 3? RACE products, two and six clones were polyadenylated 59 and 122 bp downstream of the stop codon, respectively. The 3?-noncoding sequences of the cDNA clones did not contain the consensus polyadenylation signal AATAAA.
Nucleotide sequence of the 5?-‰anking region of the inuD gene and evidence for inuC-inuD gene cluster
The upstream sequence of the inuD gene was determined for theˆrst 1.0 kbp from the start codon by the primer-walking method with a 2.8-kbp BamHI insert fragment in pINU508. The 5?-noncoding region of the inuD gene included a putative CAAT box at nt "239 relative to the start codon, but did not have a recognizable TATA motif upstream of the tsp. Strain TN-88 produces extracellular inulinases inducibly by inulin. 8) Consensus binding sites for the CreA repressor (5?-SYGGRG-3?), which mediates carbon catabolite repression in the proline gene cluster of Aspergillus nidulans, 20) were located at "292 (GCGGAG), "320 (GCGGAG), "354 (CTGGGG), "368 (CCGGAG), and "477 (CCGGAG) from the start codon.
Fortuitously, we discovered that the 1.0-kbp upstream sequence of the inuD gene included a 5? portion of the published nucleotide sequence of the endoinulinase gene inuC from the same strain, TN-88; 9) the endo-and exoinulinase genes constituted a cluster on a 6,570-bp BamHI-SacI DNA fragment and were divergently transcribed from a 859-bp intergenic region (Fig. 5) . The tsp found for inuC 9) and inuD (see above) genes indicated that the nontranscribed intergenic region was 519-bp long. The nontranscribed intergenic region included three copies of a starch-responsive element GGAAATT of the Aspergillus oryzae a-amylase gene on the strand of the endoinulinase gene inuC 9) and, in contrast, all of thê ve potential CreA binding sites on the strand of the exoinulinase gene inuD.
Deduced amino acid sequence of the inuD gene product
The inuD ORF encoded a precursor protein of 702 amino acid residues. This cDNA contained sequences Numbers in the left-hand column refer to the nucleotide sequence and are relative to the A of the ATG start codon of inuD, and numbers on the right represent amino acid residues. The inuC start codon upstream of the intergenic region is boxed. Three copies of the starch-responsive element GGAAATT on the inuC strand are boxed by dotted lines. Five putative CreA binding sites (5?-SYGGRG-3?) on the inuD strand are doubly underlined. The CAAT box is shown by a dotted line. Open and solid arrowheads indicate tsp and polyadenylation sites, respectively. The deduced amino acid sequence of the inuD gene product is given by the one-letter code below the nucleotide sequence at theˆrst position of each codon. Underlined amino acid sequences by thick lines were identical to those found for the puriˆed protein and its peptides. The putative catalytic residues are indicated by inverted letters. Eight potential sites for N-linked glycosylation are underlined. The stop codon is indicated by an asterisk. Noncoding sequences are shown in lower-case letters. The positions of gene-speciˆc primers, P1 to P10 (excluding the universal primers P5 and P7), are indicated. A partial restriction map of the 6,570-bp BamHI-SacI DNA fragment was reconstructed by merging sequence data from Akimoto et al. identical to the N-terminal and internal amino acid sequences from puriˆed exoinulinase; the signal peptide of 25 amino acid residues was cleaved oŠ during secretion. Ala-23 and Thr-25ˆtted the rule at positions "3 and "1 relative to the signal peptidase cleavage site as suggested by the analysis of von Heijne. 21) A hydropathy plot showed the signal sequence to be hydrophobic (data not shown). The mature protein consisted of 677 amino acid residues with a calculated Mr of 74,518 Da and a deduced pI of 4.64. The calculated Mr was smaller than the 81 kDa estimated by SDS-PAGE, probably because decreased binding of SDS to the glycoprotein reduced the electrophoretic mobility. The deduced pI was consistent with the pI of 4.6 found by IEF.
The functional residues of members of the b-fructofuranosidase family have been extensively studied with the S. cerevisiae invertase as a model. 22) The Asp residue in the motif HX2PX4WMNDPNG and the Glu residue in a conserved sequence ECP are involved in the catalytic reaction as a nucleophile and as a proton donor, respectively. A similar catalytic mechanism is probable for the corresponding Asp-48 and Glu-248 residues in the TN-88 exoinulinase. Two Cys residues were present at positions 249 and 539. The complete inactivation of the enzyme activity by Ag + and Hg 2+ ions (see above) supported the idea that the conserved Cys-249 was part of the active site of the exoinulinase. There were eight potential sites for N-linked glycosylation;ˆve contained the sequence N-X-T at N positions 103, 293, 397, 433, and 874 and three contained the sequence N-X-S at N positions 119, 322, and 581. Table 2 compares some properties of reported fungal exoinulinases. These exoinulinases are monomeric proteins with Mrs ranging from 59 to 87 kDa. [23] [24] [25] [26] A remarkable feature of the Penicillium sp. strain TN-88 exoinulinase was the inulinase activity, 7-to 440-fold higher than those of the reported enzymes. Microbial exoinulinases can be subdivided into two types by their activity toward b-2,6-fructofuranosidic linkages in levan. 6) Exoinulinases P-I, P-II, and P-III from Penicillium sp. strain 1 25) hydrolyzed both b-2,1-and b-2,6-fructofuranosidic linkages. In contrast, the TN-88 exoinulinase did not act on levan as previously reported for those from Aspergillus niger strain 12 (P-I and P-II enzymes), 23, 24) and Penicillium trzebinskii.
Discussion

26)
A BLAST search of the TN-88 exoinulinase in the protein sequence databases found the highest degree of identity to a sucrose:sucrose 1-fructosyltransferase (1-SST; EC 2.4.1.99) of Aspergillus foetidus 27) ( Fig. 6A) : residues 28-307 versus 21-299 (68z); and residues 465-701 versus 300-536 (53z). Alignment of the sequences showed a large insertion of 157 amino acid residues that begins at Gly-308 in the TN-88 exoinulinase as compared to the A. foetidus 1-SST, which hydrolyzes sucrose but not inulin. A database search for the extra 157 amino acid residues showed similarity to an internal sequence of Actinomyces naeslundii levanase, which hydrolyzes sucrose, ra‹nose, inulin, and levan 28) (Fig. 6B) . The inuD gene may have acquired the DNA segment encoding this extra domain exogenously.
This study represents theˆrst evidence for a cluster of endo-and exoinulinase genes inˆlamentous fungi. Our previous phylogenetic analysis suggested that intron-less fungal endoinulinase genes, including inuC, have arisen from a common ancestor of prokaryotic origin through horizontal transfer. 9) In contrast, the exoinulinase gene inuD contained an intron and seemed to be of eukaryotic origin. Thus, hydrolytic activities of endo-and exoinulinases toward internal and terminal b-2,1-fructofuranosidic linkages, respectively, appear to have evolved independently. The synergistic action of endo-and exoinulinases on inulin allows e‹cient hydrolysis to fructose. The clustering of inuC and inuD genes in Penicillium sp. strain TN-88 may be an interesting system for further study of the functional signiˆcance of their proximity.
